In addition to biochemical measurement both pre-and post-dialysis, most centers also collect blood samples for complete blood count (CBC) at pre-dialysis to assess dialysis adequacy, anemia and electrolyte levels. However, other centers check CBC both pre-and post-dialysis. Some researchers consider that real Hb values are closer to the post-hemodialysis (HD) than pre-HD level, based on pre-and post-dialysis Hb findings that Hb significantly increased following an HD session, particularly in the first 24 hours, then gradually decreased over the rest of the inter-dialysis period (3-9) (Supplementary Tab. I, available online as Supplementary material at www.vascular-access.info), and a more recent finding that Hb at 4, 24, and 48 hours after an HD session remained elevated compared to the pre-HD Hb level, with no significant difference from the immediate post-HD Hb concentration (6). Despite this evidence that post-dialysis Hb might be an indicator for real Hb concentration in HD patients, the outcomebased clinical research data required to interpret post-dialysis
Introduction
Pre-dialysis hemoglobin level (Hb) is a widely used indicator in the management of renal anemia in patients with hemodialysis, and nearly all clinical research and guidelines cite this variable (1, 2) .
Hb are scarce. This lack of outcome-based research might suggest that interpretations of post-dialysis Hb to date have been experience-based.
Vascular access failure is an important clinical issue and a major burden on HD patients. Well-known risk factors for vascular access failure include gender, surgical site of vascular access, type of vascular access, diabetes mellitus and secondary hyperparathyroidism. Protective factors include antihypertensive drugs, such as angiotensin-converting enzyme inhibitors and angiotensin-receptor II antagonists, and aspirin (10) (11) (12) (13) . One study of the association between the patency of a newly created vascular access and pre-dialysis Hb (13) reported an association between access failure and the lowest hemoglobin group (Hb <10g/dL).
Although findings that post-HD Hb might represent actual Hb values in HD patients, no study has yet directly examined the association between post-HD Hb and vascular access failure. Here, we investigated the association between post-HD Hb and vascular access failure.
Methods

Design, setting and patients
The study was conducted under a case-crossover design. The setting was nine facilities across Japan (five secondary care centers, one tertiary medical care center, and three private clinics), which routinely assessed post-dialysis Hb levels at least once a month and consented to participate.
The study subjects were maintenance hemodialysis patients who experienced vascular access failure from April 2010 to December 2014. Inclusion criteria included at least 12 months since the initiation of HD or the creation of their virgin vascular access (whichever occurred later), three maintenance HD sessions a week, and the passage of more than 12 months since their vascular access failure. Patients receiving peritoneal dialysis or with a permanent catheter for dialysis were excluded.
Main outcomes and measures
The primary end-point was complete or incomplete vascular access failure. We defined the primary outcome as vascular access failure requiring surgery, such as surgical reconstruction and replacement of the arteriovenous graft; or an endovascular procedure, such as percutaneous transluminal angioplasty, thrombectomy and use of a thrombolytic agent. When a patient experienced several vascular access failures during the study period, we defined the outcome occurrence as the first vascular access failure.
Exposure and definition of cases and controls
We defined the exposure as post-dialysis Hb. Because Hb levels closest to the vascular access failure were likely the most heavily influenced by the failure, cases were defined as the post-dialysis Hb collected routinely at the beginning of the month in which the vascular access failure occurred. Cases were also defined as the first outcome during the observational period. Considering the carry-over effects of Hb, we used data at two timepoints for comparison, namely 6 months and 12 months before the case (Fig. 1) . In cases when the postdialysis Hb sample was collected routinely two or more times a month, we used the first sample in the month.
Confounding factors and other variables
Data at respective timepoints for the following confounding factors were used, selected based on previous studies (10) (11) (12) (13) : pre-dialysis serum albumin; C-reactive protein (CRP); amount of fluid removed; pre-dialysis systolic blood pressure; medications such as antiplatelet agents, anticoagulant agents, angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin-receptor II antagonists; anticoagulant in the hemodialysis circuit; amount of erythropoiesis stimulant agents (ESA); and dialysis hypotension. For the amount of ESA, when the patient used darbepoetin, we converted one unit of darbepoetin into 250 units of epoetin. When the patient used epoetin beta pegol, we converted one unit of epoetin beta pegol into 62.5 units of epoetin (14, 15) . For parathyroid hormone (PTH), when whole PTH was measured, we converted one unit of whole PTH into 1.7 units of intact PTH (iPTH). Dialysis hypotension was primarily defined using pre-and post-dialysis blood pressure as a difference in systolic blood pressure ≥20 mmHg or a difference in mean arterial pressure by ≥10 mmHg between preand post-dialysis blood pressure.
Statistical analysis
Continuous variables with normal distribution were expressed as the mean (standard deviation [SD]), and continuous variables without normal distribution as the median ( interquartile range). Categorical variables were expressed as number and proportion, as appropriate. For the association between post-dialysis Hb and vascular access failure, we estimated the adjusted odds ratio (OR) using a conditional logistic model with vascular access failure as the dependent variable and post-dialysis Hb as the independent variable with adjustment for the variables mentioned above. We did not use factors that showed little change over time, such as gender and cause of end-stage renal disease (ESRD). As secondary analysis, we similarly estimated the adjusted OR using the difference between pre-and post-dialysis Hb. Based on a previous study with pre-dialysis Hb (13), we expected that the association between post-dialysis Hb and the outcome would be non-linear. Accordingly, we showed the association using the restricted cubic spline method, using the three knots of the 25 th , 50 th and 
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(1, 14) SD = standard deviation; ESRD = end-stage renal disease; AVF = arteriovenous fistula; AVG = arteriovenous graft.
75 th percentile points of each Hb level. The association was presented as linear for less than 25 and more than 75 percentile points, and as a restricted cubic spline from the 25 to 75 percentiles. Reference values were set at the median of postand pre-dialysis Hb, namely 11.8 g/dL for post-dialysis Hb and 10.8 g/dL for pre-dialysis Hb. With regard to confounding factors, CRP was transformed logarithmically and used in the model. We performed a complete case analysis in the present study. All analyses were conducted using STATA 13.1 (StataCorp, College Station, TX, USA), with 2-sided significance set at 0.05.
Ethical issues
The study complied with the Declaration of Helsinki and was approved by the Ethics Committee of Kyoto University (Approval Numbers R0387) and Fukushima Medical University (Approval Numbers 2315).
Results
During the study period, outcomes occurred in 230 hemodialysis patients (Fig. 2) . Mean age of these patients was 69.7 years, median duration of hemodialysis treatment was 3 years, and the proportion with arteriovenous fistula was 86.5% (Tab. I). Post-hemodialysis Hb just before the vascular access failure and at 6 and 12 months before failure was 11.7 (SD 1.7), 11.6 (SD 1.6) and 11.6 (SD 1.6), respectively (Tab. II and Fig. 3) . Table IIIA and Figure 3A show the results of conditional logistic models with post-dialysis and pre-dialysis Hb as exposure. Multivariable analysis showed that greater post-dialysis Hb levels above 11.8 g/dL were associated with greater ORs for vascular access failure. Further, multivariable analysis revealed that the association between pre-dialysis Hb and outcome was not statistically significant at any pre-dialysis Hb level. 
Discussion
In this study of the association between post-dialysis Hb and vascular access failure, we found that greater postdialysis Hb was associated with vascular access failure. No other pre-dialysis Hb was statistically associated with this outcome. These findings may suggest that measurement of post-dialysis Hb is valuable in improving patient outcomes.
A meta-analysis of randomized control trials (RCTs) for ESA in patients with chronic kidney disease showed that higher Hb groups were at higher risk for thrombosis of the vascular access (relative risk 1.33, 95% confidence interval [CI] 1.16-1.53) than the lower Hb groups (16) . Five of the eight RCTs in the meta-analysis dealt with HD patients and three dealt with patients without dialysis. Although participants' backgrounds differed from the present study, the meta-analysis finding that higher Hb is associated with more frequent vascular access failure is consistent with our study. Our study revealed that a higher post-dialysis Hb above 11.8 g/dL showed a large effect size, with an OR greater than 10. We considered three possible reasons for this. First, we have possibly observed recirculation of the vascular access. In other words, stenosis from the central vascular access induced recirculation. The blood concentrated in the recirculation route, could have resulted in the rapid increase in Hb concentration postdialysis. Briefly, there may be a reversal of cause and effect. Second, we considered the effects of outliers. However, the same trend was seen in a sensitivity analysis after the exclusion of patients with the top 1% of post-dialysis Hb values. Finally, because of the small sample size in the higher postdialysis Hb group, the estimation of OR might be unstable. Nevertheless, these studies revealed that higher pre-dialysis Hb level was associated with vascular access failure; however, our study showed that pre-dialysis Hb level was not related to vascular access failure. This difference could be caused by the following conditions. First, we used a case-crossover design in this study. Hence, we assessed the effect of postdialysis Hb for the trigger factor, whereas the previous studies used pre-dialysis Hb at baseline data or maintained higher pre-dialysis Hb for intervention or exposure. Consequently, the difference of the study design might change the results. ESA = erythropoiesis stimulating agent; UFH = unfractionated heparin; LMWH = low-molecular-weight heparin; NM = nafamostat mesylate; WBC = white blood cell; PLT = platelet; Alb = albumin; BUN = blood urea nitrogen; Cre = creatinine; CRP = C-reactive protein; iPTH = intact parathyroid hormone; NA = not available; %⊿BW = (post-dialysis BW -pre-dialysis BW)/dry weight.
Second, although it was not statistically significant, we showed that higher pre-dialysis Hb levels were likely higher point estimates for vascular access failure in our study, which might be caused by lack of sample size. One previous study of this association showed that a predialysis Hb less than 10 g/dL was more likely to be associated with vascular access failure than a pre-dialysis Hb level of 10.0 to 12.0 (hazard ratio 1.80 [95% CI 1.13-2.86]), and that a level of over 12.0 g/dL was not associated with access failure (13) . In that study, we analyzed not only post-but also pre-dialysis Hb, and found that pre-dialysis Hb was not related to outcome at any level. The results of our previous and the present study are therefore clearly inconsistent, regardless of the same exposure. This difference might be due to the following: (i) the subjects in the previous study were patients with a newly created vascular access; (ii) the present study period was considerably shorter than that of the previous study, which measured occurrence at up to 30 months after exposure; or (iii) the previous study's adjustment for confounding factors of age, dialysis vintage, diabetes mellitus, cardiovascular disease, use of ESA, angiotensin II receptor blockers (ARBs) and ACEI, and parathyroid hormone, but not CRP, serum albumin or amount of fluid removed. In particular, factors that were unadjusted in the previous study were important in determining whether the outcome was affected by malnutrition and generalized weakness.
Hypotension and shock are strong prognostic factors for vascular access failure (17) . We adjusted dialysis hypotension Hb = hemoglobin; OR = odds ratio; CI = confidence interval. We adjusted pre-dialysis serum albumin; C-reactive protein (CRP); amount of fluid removed using bodyweight difference between pre-and post-dialysis; pre-dialysis systolic blood pressure; medications such as antiplatelet agents, anticoagulant agents, angiotensin-converting enzyme inhibitors and angiotensin-receptor II antagonists; anticoagulant in the hemodialysis circuit; and amount of erythropoiesis stimulant agents (ESA). in this study. However, when Hb is an independent variable, and vascular access failure is a dependent variable, hypotension could be an intermediate factor. Thus, this result could be attenuated and biased, and we also analyzed excepting dialysis hypotension (Tab. IIIB and Fig. 3B ). This study had several strengths. First, the use of a casecrossover design prevented confounding due to major effects on outcome such as past vascular access reoperation. Second, to our knowledge, this study is the first study to test the hypothesis that the association between post-dialysis outcome and vascular access failure.
Several limitations also warrant mention. First, because the inclusion criteria restricted facilities to those that routinely conduct post-dialysis CBC sampling, they might have tended toward more frequent laboratory testing and detailed examination; if so, a degree of selection bias might be present. Second, it was difficult to assess vascular access stenosis: while acknowledging the importance of vascular access stenosis in vascular access failure, our wish to avoid detection bias meant we were unable to define vascular access stenosis. Third, many vascular access failures might have occurred gradually. Because our study used a case-crossover design, we revealed only that higher post-dialysis Hb might be a trigger factor for vascular access failure. Longitudinal studies with repeated measurement are needed to prove the longterm effect of post-dialysis Hb. Fourth, as we mentioned, high post-dialysis Hb level could be related to recirculation. However, we did not measure the presence of recirculation. Finally, we were unable to adjust for all of the potential confounding factors.
In conclusion, this study identified an association between post-dialysis Hb and vascular access failure. Our study revealed that the post-dialysis Hb value might be more closely associated with vascular failure than the differential value or pre-dialysis Hb. We consider that higher post-dialysis Hb might be a trigger for vascular access failure. Our findings might aid in clinically interpreting the value of post-dialysis Hb. Use of post-dialysis Hb as an indicator might help improve patient outcomes through the optimization of fluid removal quantity and dry weight, calibration of dosages of ESA and iron drugs, and evaluation of vascular access to predict access failure. Validation of this potential indicator in larger studies is warranted.
